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Abstract
Population-based genome wide association studies have identified a locus at 9p22.2 asso-
ciated with ovarian cancer risk, which also modifies ovarian cancer risk in BRCA1 and
BRCA2mutation carriers. We conducted fine-scale mapping at 9p22.2 to identify potential
causal variants in BRCA1 and BRCA2mutation carriers. Genotype data were available for
15,252 (2,462 ovarian cancer cases) BRCA1 and 8,211 (631 ovarian cancer cases) BRCA2
mutation carriers. Following genotype imputation, ovarian cancer associations were
assessed for 4,873 and 5,020 SNPs in BRCA1 and BRCA 2 mutation carriers respectively,
within a retrospective cohort analytical framework. In BRCA1mutation carriers one set of
eight correlated candidate causal variants for ovarian cancer risk modification was identified
(top SNP rs10124837, HR: 0.73, 95%CI: 0.68 to 0.79, p-value 2× 10−16). These variants
were located up to 20 kb upstream of BNC2. In BRCA2mutation carriers one region, up to
45 kb upstream of BNC2, and containing 100 correlated SNPs was identified as candidate
causal (top SNP rs62543585, HR: 0.69, 95%CI: 0.59 to 0.80, p-value 1.0 × 10−6). The can-
didate causal in BRCA1mutation carriers did not include the strongest associated variant at
this locus in the general population. In sum, we identified a set of candidate causal variants
in a region that encompasses the BNC2 transcription start site. The ovarian cancer associa-
tion at 9p22.2 may be mediated by different variants in BRCA1mutation carriers and in the
general population. Thus, potentially different mechanisms may underlie ovarian cancer
risk for mutation carriers and the general population.
Introduction
Once age is taken into account, family history is the strongest risk factor for ovarian cancer.
Women with a first-degree relative with ovarian cancer are at a 3-fold increased risk of
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developing the disease, indicating the importance of genetic factors in ovarian cancer predispo-
sition. The most important genes in the context of genetic counseling for ovarian cancer sus-
ceptibility are BRCA1 and BRCA2, which account for approximately 24% of the familial risk
among first-degree relatives [1]. In contrast to the general population, in which the lifetime
risk of developing ovarian carcinoma is 1.6% (average age at diagnosis 63 years), women carry-
ing a BRCA1mutation have a lifetime risk of 35–60% with an average age of diagnosis of 50
years [2]. The ovarian cancer penetrance is lower for BRCA2, with a lifetime risk of 12–25%
and an average age of diagnosis of 60 years [2]. The majority of BRCA1/2 associated ovarian
cancers present as high-grade serous histology in advanced stage [3].
Genome wide association studies have identified several common germline variants associ-
ated with ovarian cancer risk. The 9p22 locus was first found to be associated with ovarian can-
cer risk in the general population, and subsequently to be an ovarian cancer risk modifier in
BRCA1 and BRCA2mutation carriers [4,5]. The SNP showing the strongest association in the
general population was rs3814113, which was associated with a decrease in the risk of ovarian
cancer in carriers of the minor allele (OR per allele = 0.82, 95%CI: 0.79 to 0.86, p-
value = 5.1 × 10−19) [5] and had a similar association with ovarian cancer risk for BRCA1 and
BRCA2mutation carriers [4]. rs3814113 lies in a 150-kb linkage disequilibrium (LD) block.
The closest genes to rs3814113 are Basonuclin 2(BNC2) and Centlein (CNTLN). BNC2 is a
zinc-finger protein spanning nucleotides 16409503 to 16870706. It is expressed in ovary, testis
and the male germ line where it regulates cell cycle progression [6]. CNTLN spans nucleotides
17134982 to 17503923, it is ubiquitously expressed and localises at centrosomes to ensure cen-
trosome function during cell division [7,8]. However, no fine-scale mapping of this locus has
been reported yet in either the general population or in mutation carriers. Therefore, it is
unclear which are the likely causal variants in the region.
Here, we report the fine-scale mapping of the 9p22.2 locus using data from 15252 BRCA1
and 8211 BRCA2mutation carriers of European ancestry. We comprehensively characterized




Epidemiological and genotype data were obtained from BRCA1 and BRCA2mutation carriers
participating in the Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA, [9]). Eligi-
bility to CIMBA was restricted to women older than age 18 years who carried pathogenic muta-
tions in the BRCA1 or BRCA2 genes. For each mutation carrier, date of birth, age at cancer
diagnosis, age at bilateral prophylactic mastectomy and/or oophorectomy, age at interview or
last follow-up, exact BRCA1 and BRCA2mutation description and self-reported ethnicity were
recorded, together with tumor pathology, survival, treatment and other established lifestyle/
hormonal risk factors for breast or ovarian cancer. Participants were recruited from 25 coun-
tries under ethically approved protocols and provided written informed consent.
Genotyping and Imputation
Genotyping was performed using the iCOGS Illumina array [10]. The quality control (QC) of
the genotyping data has been described in detail previously [11,12]. The iCOGS array included
SNPs for fine mapping of the 9p22.2 region. The fine mapping region was defined as Chromo-
some 9 positions: 16407967 to 17407967 (NCBI build 37). To select the SNPs for inclusion on
iCOGS, we considered all variants with minor allele frequencies of>0.02 from the 1000
Genomes Project (March 2010 version) and selected SNPs that were correlated at r2>0.1 with
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the SNP that had been identified through the GWAS (rs3814113), and the set of SNPs that
tagged all remaining SNPs in the region with r2>0.9. A total of 407 and 401 SNPs that were
included on iCOGS in the 9p22.2 region passed QC and were available for the analyses for
BRCA1 and BRCA2mutation carriers, respectively. Imputation of genotypes was based on the
phase 3 release of the 1000 Genome Project spanning nucleotides 16407967 to 17407967 (build
37) at chromosome 9 with a buffer region of 500bp, using IMPUTE2 v2 [13]. SNPs with an
“info”metric lower than 0.3 were considered poorly imputed and excluded from downstream
analyses. In addition, SNPs with a minor allele frequency (MAF) lower than 0.005 were
excluded from the association analyses.
Statistical Analysis and Computational Methods
The primary analysis evaluated the association between each variant and ovarian cancer risk.
To account for the non-random sampling of mutation carriers with respect to disease status,
the analysis was conducted within a retrospective cohort framework by modeling the likelihood
of the observed genotypes conditional on the disease phenotypes as previously described [14].
Each mutation carrier was followed until the first of: ovarian cancer diagnosis, risk-reducing
salpingo-oophorectomy or age at last observation. Only those diagnosed with ovarian cancer
were considered as cases. The effect of each SNP was modeled as a per-allele Hazard Ratio
(HR). To account for related individuals in the sample, a kinship-adjusted version of the score
test for association was used which accounts for the correlation between the genotypes of the
relatives [15]. Analyses were carried out separately for BRCA1 and BRCA2mutation carriers
and all analyses were stratified by country of residence and year of birth. The USA and Canada
strata were further subdivided by reported Ashkenazi Jewish ancestry.
Ovarian cancer associations were combined in a meta-analysis between BRCA1 and BRCA2
mutation carriers. A fixed effect meta-analysis weighted by the inverse variance was conducted
for imputed and genotyped SNPs when risk estimates were available in both datasets. For
BRCA1 and BRCA2mutation carriers, logarithms of per-allele HR estimates were used. The
Cochran Q test was carried out to assess heterogeneity.
To assess the number of variants independently associated with ovarian cancer risk in
BRCA1 and BRCA2mutation carriers, each SNP was included in a Cox-regression model con-
ditioned on the most strongly associated variant for each dataset and further adjusting by year
of birth, and stratifying by country of residence. This approach has been shown to yield valid
tests of association [16]. All SNPs with a MAF>0.005, and imputation accuracy higher than
0.3, were included. For single SNP associations, associations were considered significant if
p<5x10-8. The most parsimonious model in the conditional analyses was identified using a
threshold of p<10−4 for retaining SNPs in the model.
The set of potential causal SNPs was defined by those SNPs for which their likelihood ratio
relative to the most significant variant was equal or less than 100 and having a pair-wise corre-
lation (r2) with the top SNP higher than 0.1 [17].
BEDTools was used to intersect positions of ovarian cancer risk-associated variants with
functional genomic features generated by Coetzee et al [18] including FAIRE-seq identified
regulatory elements and enhancers identified by histone modification ChIP-seq. Variants
implicated by overlap were then queried with HaploReg v3 (http://www.broadinstitute.org/
mammals/haploreg/haploreg_v3.php).
Ethics statement
Each of the host institutions recruited under ethically approved protocols. A list of the local
Institutional Review Boards that provided ethical approval for this study is given in S1 Table.
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Results
Association of the 9p22.2 Locus with Ovarian Cancer Risk in BRCA1
Mutation Carriers
Data were available for 15,252 BRCA1mutation carriers of whom 2,462 were censored at
ovarian cancer diagnosis (S2 Table). After quality control, data for 407 SNPs genotyped
through the iCOGS array spanning chromosome 9 from positions 16424985 to 174 04464
(Genome built 37) were available. A further 36,769 SNPs were imputed using the 1000
Genome Project as reference panel. Of those, 4,873 had a MAF higher than 0.005 and were
considered reliably imputed (IMPUTE2 "info" score > 0.3), and were included in the associa-
tion analysis.
The strongest associated variant was the imputed SNP rs10124837 (per allele
HR = 0.73; 95%CI = 0.68–0.79; p = 2.0×10−16, Fig 1A, Table 1 and S1 Table) located
12 kb upstream of BNC2. SNP rs3814113 that was originally identified through the
GWAS demonstrated a weaker association (p = 5.2x10-13). The correlation between
the top SNP and the rs3814113 was 0.56 (Table 2). In total, 292 SNPs showed evidence
of association with ovarian cancer risk (p: 10−4 to 10−16, Fig 1A). The correlation between
the top SNP and the SNPs in this set varied from 0.1 to 0.9 (Fig 1). Results for all SNPs are
presented in S3 Table.
Association of the 9p22.2 Locus with Ovarian Cancer Risk in BRCA2
Mutation Carriers
A total of 8,211 BRCA2mutation carriers were included in the analysis, of whom 631 were cen-
sored at ovarian cancer diagnosis (S2 Table). The association analysis included 5,020 SNPs
(401 genotyped) with MAF>0.005 that were reliably imputed (IMPUTE2 "info" score greater
than 0.3). The strongest associated SNP with ovarian cancer risk was rs62543585, with a MAF
of 0.20 and a per-allele HR = 0.69 (95%CI = 0.59–0.80; p = 1.0 × 10−6, Table 1). SNP
rs3814113 demonstrated a slightly weaker association (p = 6.7x10-6 Table 1, r2 with SNP
rs62543583 = 0.48, Table 2). Although for BRCA2 mutation carriers the p-values did not reach
GWAS statistical significance (5x10-8), given the strong prior evidence of association between
SNPs in the region and risk for BRCA1 carriers and in the general population we selected the
most significant SNPs as associated with ovarian cancer risk. Results for all SNPs with p<0.01
are presented in S3 Table.
Meta-analysis of BRCA1 and BRCA2Mutation Carriers
Since the majority of both BRCA1 and BRCA2 ovarian cancer associated cancer tumors are
high-grade serous ([19] and S2 Table) to increase the power of the association analyses, a
meta-analysis combining HRs for the association of variants with ovarian cancer risk in
BRCA1 and BRCA2 was conducted. Variants available in only one of the datasets were
excluded from the analysis (40 removed from BRCA1 and 187 from BRCA2). In the meta-anal-
ysis, the strongest associated variant was the genotyped SNP rs7046326 with a MAF of 0.25
and 0.24 in BRCA1 and BRCA2mutation carriers, respectively. It displayed an HR = 0.74 (95%
CI = 0.69–0.79; p = 6.2 × 10−21, Table 1 and Fig 2). The correlation with the top SNP in
BRCA1mutation carriers was 0.88 and with the top SNP in BRCA2mutation carriers 0.69
(Table 2). In addition, 148 SNPs reached genome wide significance (p< 5 × 10−8) for the asso-
ciation with ovarian cancer risk, including the original GWAS hit rs3814113 (Fig 2). No evi-
dence for heterogeneity in the associations for BRCA1 and BRCA2mutation carriers was
observed (Q-test, p-values>0.5, data not shown).
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Identifying Independent Signals for the Association of 9p22 and Ovarian
Cancer in BRCA1 and BRCA2Mutation Carriers
In BRCA1mutation carriers, no variant displayed evidence of an association at a p<10−4 after
analyses conditioning on rs10124837 (S1A Fig). The association with rs3814113, the original
Fig 1. Associations between SNPs in 9p22.2 with ovarian cancer risk for BRCA1 and BRCA2mutation
carriers. In each plot, the purple diamond corresponds to the strongest associated SNP and the colour code
indicates the linkage disequilibrium with respect to this variant. Horizontal lines indicate the -log10 p-value
such that the SNPs above the line are the potential causal ones. This set was defined based on a likelihood
ratio for a particular SNP as being less or equal than 100, relative to the most likely variant and r2>0.1. (A)
BRCA1mutation carriers, (B) BRCA2mutation carriers.
doi:10.1371/journal.pone.0158801.g001
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GWAS hit, became non-significant (p = 0.2) when rs10124837 was included as covariate in the
model (S1A Fig and Table 3). Similarly, in BRCA2mutation carriers no evidence of an associa-
tion was observed for any variant after conditioning on rs62543585 (p>10−4 S1B Fig). Neither
rs3814113 nor rs10124837 were significant at p<0.05 when rs62543585 was included as covari-
ate in the model while the latter still displayed an association with p = 5x10-3 (S1B Fig and
Table 3).
Taken together, these results indicate that in both BRCA1 and BRCA2mutation carriers
there is only one peak of association with ovarian cancer risk at 9p22.
Association of 9p22 and Ovarian Cancer in BRCA1 and BRCA2Mutation Carriers.
SNPs with a likelihood ratio relative to the most significant variant greater than 100 and having
an r2< 0.1 with the index SNP were excluded from being potentially causative. In BRCA1
mutation carriers, this identified eight highly correlated SNPs (r2>0.8), referred hereafter as
the "BRCA1 peak". These variants clustered in a 20kb region around the transcription start site
of BNC2 (positions: 16,847,520–16,891,647). The SNPs in this set displayed MAFs of 0.24–0.28
and imputation accuracy higher than 0.95 and two out of the eight were genotyped (Fig 1A and
Table 1 and S4 Table).
In BRCA2mutation carriers, 100 variants could not be rejected from being potentially
causal. The MAFs for these SNPs varied from 0.15 to 0.34 and had pairwise correlations with
the index SNP of greater than 0.4 (Fig 1B, S4 Table). The quality of imputation was>0.95 for
all except two variants (info = 0.68 and 0.46, S4 Table).
All except one (imputed SNP rs139555631) of the likely causal variants in BRCA1mutation
carriers were included in the set marking the potentially causal variants defined in BRCA2
mutation carriers. However, none of them were ranked within the top 60 associated variants in
BRCA2 carriers. The index SNP (rs10124837 in BRCA1mutation carriers was in linkage dis-
equilibrium with the index SNP (rs62543583) in BRCA2mutation carriers r2 = 0.76, Fig 1,
Table 2).
The original GWAS hit, rs3814113, was within the set of the strongest associated SNPs in
BRCA2mutation carriers, but was rejected from being potentially causal in BRCA1mutation
carriers.
In the BRCA1/2 meta-analysis, eleven SNPs were the set of potentially causal variants,
which included the eight identified in BRCA1 plus three only present in the BRCA2 set. These
eleven variants were highly correlated with the lead SNP of the meta-analysis rs7046326
(r2>0.8). Of note, the set excluded the original GWAS hit rs3814113 (Fig 2, S5 Table).
Intersection of variants exhibiting the strongest associations with genomic features derived
from cultured ovarian and fallopian tube cells revealed several SNPs that may be functionally
relevant in influencing risk. Fig 3 shows the location of the sets of SNPs associated with ovarian
cancer risk in BRCA1 and BRCA2mutation carriers relative to the BNC2 gene. Several po-
tentially functional variants are predicted, including SNPs that lie in regulatory regions identi-
fied by FAIRE- and ChIP-seq. For example, a cluster of eight SNPs from the BRCA2 set of
Table 2. Pairwise correlations (r2) between selected SNPs. SNPs correspond to: rs10124837, the stron-
gest associated in BRCA1; rs62543583, the strongest associated in BRCA2mutation carriers; rs7046326,
the strongest associated in BRCA1/2meta-analysis; rs3814113, was the strongest associated variant in the
initial GWAS analysis.
SNP rs10124837 rs62543583 rs7046326 rs3814113
rs10124837 1 0.76 0.88 0.56
rs62543583 0.76 1 0.69 0.48
rs7046326 0.88 0.69 1 0.49
rs3814113 0.56 0.48 0.49 1
doi:10.1371/journal.pone.0158801.t002
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candidate causal variants lies within a ~10 kb region likely to carry regulatory activity encom-
passing the BNC2 transcription start site. Multiple transcription factor motifs are altered by
these variants (S6 Table). Although, no special features were observed for the variants in
Fig 2. Associations between SNPs in 9p22.2 with ovarian cancer risk for the meta-analysis ofBRCA1 and BRCA2
mutation carriers. (A) The purple diamond corresponds to the strongest associated SNP and the colour code indicates the
linkage disequilibrium with respect to this variant. Horizontal lines indicate the -log10 p-value such that the SNPs above the line
are the potential causal ones. This set was defined based on a likelihood ratio for a particular SNP as being less or equal than
100, relative to the most likely variant and r2>0.1. (B) Haplotype block indicating relevant SNPs. From left to right the indicated
SNPs correspond to: the strongest associated in BRCA1/2meta-analysis, the strongest in BRCA1 and the strongest in BRCA2.
doi:10.1371/journal.pone.0158801.g002
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BRCA1 or BRCA1/2meta-analysis (Fig 3), four of the eight candidate causal SNPs in BRCA1muta-
tion carriers are expressed single nucleotide polymorphism (eSNP) for the BNC2 gene in whole
blood samples (Table 1, data extracted from GTex Portal http://www.gtexportal.org/home/).
Discussion
In this study, we performed fine-scale mapping of the 9p22.2 locus using dense genotype data
from the iCOGS array in BRCA1 and BRCA2mutation carriers of European ancestry. We iden-
tified a set of variants that provided stronger evidence of association than the original GWAS
hit.
In BRCA1mutation carriers, one independent set of eight highly correlated (r2>0.8) SNPs
could not be excluded as being potentially causal for the reported association with ovarian can-
cer, designated the "BRCA1 peak". The BRCA1 peak covers positions 16847520 to 16891647,
which lie within or up to 20 kb upstream BNC2. Of note, the original GWAS hit rs3814113 was
excluded from the candidate causal variants in this peak.
For BRCA2mutation carriers, 100 correlated variants (r2>0.4) could not be excluded as
potentially causal ("BRCA2 peak"). The BRCA2 peak spanned positions 16847520 to 16915021,
which are up to 44 kb upstream of BNC2 and more than 200kb upstream of CNTLN. The
increased number of variants in this case is most likely due to reduced statistical power, as the
number of BRCA2mutation carriers diagnosed with ovarian cancer was only one quarter of
the number of affected BRCA1 carriers. The candidate causal SNPs in the BRCA1 peak were
mostly contained within the BRCA2 peak but the strongest associated SNP in BRCA2 was
excluded from the BRCA1 peak. The current analysis was underpowered to investigate whether
the association in BRCA2mutation carriers is driven by a different set of genetic variants.
Under the model of one shared causal variant explaining the association in both BRCA1 and
BRCA2mutation carriers, the meta-analysis would be expected to increase power for refining
the set of potential causal variants. However, the combined analysis of BRCA1 and BRCA2
mutation carriers defined a set of eleven variants as potentially causal, which corresponded to
the eleven strongest associated variants in BRCA1. This set excluded rs3814113 that was
reported in the ovarian cancer GWAS [5]. The set of candidate causal variants included three
additional SNPs that were confidently discarded on the basis of being less than 100 times likely
to be causal relative to the strongest associated SNP in the analysis of BRCA1 carriers only.
Important differences emerged when we compared the patterns of association in the fine-
scale mapping of 9p22.2 between BRCA1mutation carriers and results for the most strongly
associated SNPs in samples from the general population.
Table 3. Conditional associations forBRCA1 and BRCA2 top SNPs. The table shows the HR estimate.
95% CI and p-value for the conditional analysis adjusting for the lead SNP in the univariate analysis
forBRCA1 (left hand side) or BRCA2mutation carriers (right had side). SNPs correspond to:
rs10124837, the strongest associated in BRCA1; rs62543583, the strongest associated in BRCA2mutation
carriers; rs7046326, the strongest associated in BRCA1/2meta-analysis; rs3814113, was the strongest
associated variant in the initial GWAS analysis. “HR”, hazard ratio; “CI”, confidence interval.
BRCA1 (adj. rs10124837) BRCA2 (adj. rs62543583)
SNP HR 95%CI p-value HR 95%CI p-value
rs62543583 1.0 (0.76, 1.24) 0.99 0.67 (0.51, 0.88) 4.0x10-3
rs10124837 0.8 (0.72, 0.88) 9.0x10-5 0.99 (0.78, 1.27) 0.96
rs62543583 0.75 (0.61, 0.92) 5.0x10-3
rs3814113 0.87 (0.74, 1.03) 0.11
rs10124837 0.8 (0.72, 0.88) 1.5x10-5
rs3814113 0.9 (0.86, 1.03) 0.20
doi:10.1371/journal.pone.0158801.t003
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Fine-mapping results based on iCOGS data from the Ovarian Cancer Association Consor-
tium indicate that SNP rs3814113 remains the most strongly associated SNP at the 9p22.2 region
with serous ovarian cancer, the original GWAS hit (personal communication). Based on our
results, this SNP can be confidently rejected from the set of possible causal variants in BRCA1
mutation carriers, suggesting that the associations in BRCA1mutation carriers and in the general
population may be driven by different causal variants at the 9p22.2 locus. These results may indi-
cate differences in the underlying causal mechanisms explaining the ovarian cancer associations
between BRCA1mutation carriers and the general population. In support of this possibility, dif-
ferences in the association patterns with ovarian cancer between BRCA1 and the general popula-
tion have been reported before. The 4q32.3 locus is associated with ovarian cancer risk in BRCA1
but not in BRCA2mutation carriers or the general population [11], while the opposite is true for
the locus 17q11.2 [21]. However, clearer patterns will hopefully emerge once the fine mapping of
the 9p22.2 region in samples from the general population is completed.
As both signals lie in close proximity to the BNC2 gene, and some candidate causal SNPs
are eSNPs for BNC2 in whole blood, they may modulate the expression of BNC2 through simi-
lar, or different, mechanisms. The possibility that the BRCA1 association signal may differ
from that in the general population adds extra complexity and reinforces the value of fine-scale
mapping in different populations. These subtle differences in the patterns of associations
depending on the underlying genetic landscape may be difficult to uncover by means other
Fig 3. Genomic features surrounding the 9p22.2 locus. Illustration of the genomic region (chr9:16,839,835–16,924,468) encompassing peaks
(shaded areas) containing candidate causal variants associated with ovarian cancer risk in BRCA1 and BRCA2mutation carriers. Epigenomic data from
Coetzee et al., (2015) [20] representing potential regulatory elements in ovarian cells (iOSE4 and iOSE11) and fallopian tube (FTSEC33) cells derived
from formaldehyde assisted identification of regulatory elements sequencing (FAIRE-seq) and histone modification ChIP-seq are shown as black bars.
Variants which overlap one of these features are coloured red. Data from the ENCODE project including histone modification ChIP-seq for three
modifications (H3K4me1, H3K4me3, and H3K27ac) are shown as coloured histograms, as well as DNaseI hypersensitive site mapping and
transcription factor ChIP-seq. The positions of all common SNPs from dbSNP build 142 are shown in the lowest track.
doi:10.1371/journal.pone.0158801.g003
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than fine-scale mapping, and thus strengthens the value of this approach for generating
hypotheses about the functional basis of different sets of variants.
This study cannot exclude the possibility that the actual causal variants were not included in
the set of genotyped or well-imputed variants. However, the iCOGs array included variants
specifically for fine-scale mapping of the 9p22.2 locus based on data from the 1000 Genomes
Project and therefore the region coverage is expected to be high. The relatively low number of
ovarian cancer cases with tumor morphology information did not allow performing stratified
analyses by ovarian cancer histological subtype. Studies of ovarian tumours in women with
BRCA1 or BRCA2 mutations have shown that BRCA1 and BRCA2 carriers predominantly
develop serous disease [19,22]. Of the available data in CIMBA, 67% of all ovarian cancer
tumours in our analyses were serous ovarian cancers. Our results are therefore more compara-
ble with the associations for serous ovarian cancer in the general population. Larger studies
will be required to assess whether the patterns of associations differ by ovarian cancer histologi-
cal subtyped in BRCA1and BRCA2mutation carriers.
Having narrowed down the potential set of causal variants to only eight SNPs in BRCA1
mutation carriers will assist functional studies to identify the gene/s targeted by these variants.
BNC2 is an obvious candidate gene, given that the putative causal variants are located in/
around its transcription start site. Identifying more strongly associated variants with ovarian
cancer in the 9p22.2 region relative to the initial GWAS hit in BRCA1 and BRCA2mutation
carriers will refine the cancer risks associated with this locus further. These novel variants can
be included in polygenic risk scores for ovarian cancer and hence inform the identification of
patients at greater risk of disease. The results may also help to deepen our understanding of the
biology of ovarian cancer development in BRCA1 and BRCA2mutation carriers, potentially
leading to the development of more effective and personalized treatments.
Supporting Information
S1 Fig. Assessment for an independent signal for the association between SNPs in 9p22.2
and ovarian cancer risk in BRCA1 and BRCA2mutation carriers. The colour code indicates
the linkage disequilibrium with respect to the variant used for adjustment.
(TIFF)
S1 Table. List of the local Institutional Review Boards that provided ethical approval for
this study.
(XLSX)
S2 Table. Characteristics of study participants.
(PDF)
S3 Table. Association of SNPs with ovarian cancer risk in BRCA1 and BRCA2mutation
carriers (p<0.01).
(XLSX)
S4 Table. SNPs within 100 times likely of being causal for the association with ovarian can-
cer in BRCA1 and BRCA2mutation carriers. 'T' corresponds to genotyped; 'Info' measures
the accuracy of the imputation; 'Ref' and 'Eff' correspond to reference and effector allele, respec-
tively; 'MAF' to minor allele frequency, 'HR' hazard ratio and 'CI' confidence interval. Bold cells
correspond to the strongest associated SNP in the indicated dataset. Green and violet text indi-
cates the set of potentially causal variant/s in BRCA1 and BRCA2mutation carriers, respec-
tively.
(PDF)
Fine-Scale Mapping at 9p22.2 in BRCA1 and BRCA2Mutations Carriers
PLOS ONE | DOI:10.1371/journal.pone.0158801 July 27, 2016 14 / 19
S5 Table. SNPs within 100 times likely of being causal for the association with ovarian can-
cer in the meta-analysis of BRCA1 and BRCA2mutation carriers. 'T' corresponds to geno-
typed; 'Ref' and 'Eff' correspond to reference and effector allele, respectively; 'MAF' to
minimum allele frequency, 'HR' hazard ratio and 'CI' confidence interval. Bold cells correspond
to the strongest associated SNP in the indicated dataset. Green, violet and orange text indicate
those SNPs within 100 times likely of being the causal variant/s in BRCA1 and BRCA2muta-
tion carriers and their meta-analysis, respectively.
(PDF)
S6 Table. Genomic features for selected SNPs associated with ovarian cancer risk in BRCA2
mutation carriers.
(XLSX)
S1 Text. Full list of authors and affiliations.
(DOCX)
Acknowledgments
BCFR-AU acknowledges Maggie Angelakos, Judi Maskiell, Gillian Dite, Helen Tsimiklis.
BCFR-NY wishes to thank members and participants in the New York site of the Breast Cancer
Family Registry for their contributions to the study. BCFR-ON wishes to thank members and
participants in the Ontario Familial Breast Cancer Registry for their contributions to the study.
BFBOCC-LT acknowledges Vilius Rudaitis, Laimonas Griškevičius. BMBSAWe wish to thank
the families who contribute to the BMBSA study. BRICOH wishes to thank Yuan Chun Ding
and Linda Steele for their work in participant enrollment and biospecimen and data manage-
ment. CBCS thanks Bent Ejlertsen for the recruitment and genetic counseling of participants.
CNIO thanks Alicia Barroso, Rosario Alonso and Guillermo Pita for their assistance. CONSIT
TEAM acknowledges Daniela Zaffaroni of the Fondazione IRCCS Istituto Nazionale deti
Tumori, Milano, Italy: Monica Barile and Irene Feroce of the Istituto Europeo di Oncologia,
Milano, Italy; Alessandra Viel and Riccardo Dolcetti of the CRO Aviano National Cancer Insti-
tute, Aviano (PN), Italy; Laura Papi and Gabriele Capone of the University of Florence, Flor-
ence, Italy; Laura Ottini and Giuseppe Giannini of the "Sapienza" University, Rome, Italy;
Antonella Savarese and Alyne Martayan of the Istituto Nazionale Tumori Regina Elena, Rome,
Italy; Stefania Tommasi of the Istituto Nazionale Tumori "Giovanni Paolo II"—Bari, Italy. GC-
HBOC thanks Ms. JoEllen Weaver and Dr. Betsy Bove for their technical support. GEMO
wishes to pay a tribute to Olga M. Sinilnikova, who with Dominique Stoppa-Lyonnet initiated
and coordinated GEMO until she sadly passed away on the 30th June 2014, and to thank all
the GEMO collaborating groups for their contribution to this study. GEMO Collaborating
Centers are: Coordinating Centres, Unité Mixte de Génétique Constitutionnelle des Cancers
Fréquents, Hospices Civils de Lyon—Centre Léon Bérard, & Equipe «Génétique du cancer du
sein», Centre de Recherche en Cancérologie de Lyon: Olga Sinilnikova†, Sylvie Mazoyer, Fran-
cesca Damiola, Laure Barjhoux, Carole Verny-Pierre, Mélanie Léone, Nadia Boutry-Kryza,
Alain Calender, Sophie Giraud; and Service de Génétique Oncologique, Institut Curie, Paris:
Dominique Stoppa-Lyonnet, Marion Gauthier-Villars, Bruno Buecher, Claude Houdayer, Eti-
enne Rouleau, Lisa Golmard, Agnès Collet, Virginie Moncoutier, Muriel Belotti, Antoine de
Pauw, Camille Elan, Catherine Nogues, Emmanuelle Fourme, Anne-Marie Birot. Institut Gus-
tave Roussy, Villejuif: Brigitte Bressac-de-Paillerets, Olivier Caron, Marine Guillaud-Bataille.
Centre Jean Perrin, Clermont–Ferrand: Yves-Jean Bignon, Nancy Uhrhammer. Centre Léon
Bérard, Lyon: Christine Lasset, Valérie Bonadona, Sandrine Handallou. Centre François
Baclesse, Caen: Agnès Hardouin, Pascaline Berthet, Dominique Vaur, Laurent Castera. Institut
Fine-Scale Mapping at 9p22.2 in BRCA1 and BRCA2Mutations Carriers
PLOS ONE | DOI:10.1371/journal.pone.0158801 July 27, 2016 15 / 19
Paoli Calmettes, Marseille: Hagay Sobol, Violaine Bourdon, Tetsuro Noguchi, Audrey Reme-
nieras, François Eisinger. CHU Arnaud-de-Villeneuve, Montpellier: Isabelle Coupier, Pascal
Pujol. Centre Oscar Lambret, Lille: Jean-Philippe Peyrat, Joëlle Fournier, Françoise Révillion,
Philippe Vennin†, Claude Adenis. Centre Paul Strauss, Strasbourg: Danièle Muller, Jean-Pierre
Fricker. Institut Bergonié, Bordeaux: Emmanuelle Barouk-Simonet, Françoise Bonnet, Virginie
Bubien, Nicolas Sevenet, Michel Longy. Institut Claudius Regaud, Toulouse: Christine Toulas,
Rosine Guimbaud, Laurence Gladieff, Viviane Feillel. CHU Grenoble: Dominique Leroux,
Hélène Dreyfus, Christine Rebischung, Magalie Peysselon. CHU Dijon: Fanny Coron, Lau-
rence Faivre. CHU St-Etienne: Fabienne Prieur, Marine Lebrun, Caroline Kientz. Hôtel Dieu
Centre Hospitalier, Chambéry: Sandra Fert Ferrer. Centre Antoine Lacassagne, Nice: Marc Fré-
nay. CHU Limoges: Laurence Vénat-Bouvet. CHU Nantes: Capucine Delnatte. CHU Breton-
neau, Tours: Isabelle Mortemousque. Groupe Hospitalier Pitié-Salpétrière, Paris: Florence
Coulet, Chrystelle Colas, Florent Soubrier, Mathilde Warcoin. CHU Vandoeuvre-les-Nancy:
Johanna Sokolowska, Myriam Bronner. CHU Besançon: Marie-Agnès Collonge-Rame, Alex-
andre Damette. Creighton University, Omaha, USA: Henry T. Lynch, Carrie L. Snyder.HCSC
acknowledges Alicia Tosar and Paula Diaque for their technical assistance.HEBCS would like
to thank Dr. Kristiina Aittomäki, Taru A. Muranen, Drs. Carl Blomqvist and Kirsimari Aalto-
nen and RNs Irja Erkkilä and Virpi Palola for their help with the HEBCS data and samples.
HEBON thanks the registration teams of the Comprehensive Cancer Centre Netherlands and
Comprehensive Centre South (together the Netherlands Cancer Registry) and PALGA (Dutch
Pathology Registry) for part of the data collection. The Hereditary Breast and Ovarian Cancer
Research Group Netherlands (HEBON) consists of the following Collaborating Centers: Coor-
dinating center: Netherlands Cancer Institute, Amsterdam, NL: M.A. Rookus, F.B.L. Hoger-
vorst, F.E. van Leeuwen, S. Verhoef, M.K. Schmidt, N.S. Russell, J.L. de Lange, R. Wijnands;
Erasmus Medical Center, Rotterdam, NL: J.M. Collée, A.M.W. van den Ouweland, M.J. Hoon-
ing, C. Seynaeve, C.H.M. van Deurzen, I.M. Obdeijn; Leiden University Medical Center, NL: C.
J. van Asperen, J.T. Wijnen, R.A.E.M. Tollenaar, P. Devilee, T.C.T.E.F. van Cronenburg; Rad-
boud University Nijmegen Medical Center, NL: C.M. Kets, A.R. Mensenkamp; University
Medical Center Utrecht, NL: M.G.E.M. Ausems, R.B. van der Luijt, C.C. van der Pol; Amster-
damMedical Center, NL: C.M. Aalfs, T.A.M. van Os; VU University Medical Center, Amster-
dam, NL: J.J.P. Gille, Q. Waisfisz, H.E.J. Meijers-Heijboer; University Hospital Maastricht, NL:
E.B. Gómez-Garcia, M.J. Blok; University Medical Center Groningen, NL: J.C. Oosterwijk, A.
H. van der Hout, M.J. Mourits, G.H. de Bock; The Netherlands Foundation for the detection of
hereditary tumours, Leiden, NL: H.F. Vasen; The Netherlands Comprehensive Cancer Organi-
zation (IKNL): S. Siesling, J.Verloop; The Dutch Pathology Registry (PALGA): L.I.H. Over-
beek. HEBON thanks the registration teams of IKNL and PALGA for part of the data
collection.HRBCP wishes to thank Hong Kong Sanatorium and Hospital for their continued
support.HUNBOCS wishes to thank the Hungarian Breast and Ovarian Cancer Study Group
members (Janos Papp, Tibor Vaszko, Aniko Bozsik, Timea Pocza, Judit Franko, Maria Balogh,
Gabriella Domokos, Judit Ferenczi, Department of Molecular Genetics, National Institute of
Oncology, Budapest, Hungary) and the clinicians and patients for their contributions to this
study. ICO wishes to thank the ICO Hereditary Cancer Program team led by Dr. Gabriel
Capella. INHERIT would like to thank Dr Martine Dumont, Martine Tranchant for sample
management and skilful technical assistance. J.S. is Chairholder of the Canada Research Chair
in Oncogenetics. J.S. and P.S. were part of the QC and Genotyping coordinating group of
iCOGS (BCAC and CIMBA). IPOBCS wishes to thank Drs. Ana Peixoto, Catarina Santos,
Patrícia Rocha and Pedro Pinto for their skilful contribution to the study. KCONFAB wishes
to thank Heather Thorne, Eveline Niedermayr, all the kConFab research nurses and staff, the
heads and staff of the Family Cancer Clinics, and the Clinical Follow Up Study (which has
Fine-Scale Mapping at 9p22.2 in BRCA1 and BRCA2Mutations Carriers
PLOS ONE | DOI:10.1371/journal.pone.0158801 July 27, 2016 16 / 19
received funding from the NHMRC, the National Breast Cancer Foundation, Cancer Australia,
and the National Institute of Health (USA)) for their contributions to this resource, and the
many families who contribute to kConFab.MCGILL Jewish General Hospital Weekend to End
Breast Cancer, Quebec Ministry of Economic Development, Innovation and Export Trade.
MODSQUAD acknowledges ModSQuaD members Csilla Szabo (National Human Genome
Research Institute, National Institutes of Health, Bethesda, MD, USA); Lenka Foretova and
Eva Machackova (Department of Cancer Epidemiology and Genetics, Masaryk Memorial Can-
cer Institute and MFMU, Brno, Czech Republic); and Michal Zikan, Petr Pohlreich and Zde-
nek Kleibl (Oncogynecologic Center and Department of Biochemistry and Experimental
Oncology, First Faculty of Medicine, Charles University, Prague, Czech Republic).NICCC
wishes to thank the NICCC National Familial Cancer Consultation Service team led by Sara
Dishon, the lab team led by Dr. Flavio Lejbkowicz, and the research field operations team led
by Dr. Mila Pinchev.OCGNWe wish to thank members and participants in the Ontario Can-
cer Genetics Network for their contributions to the study.OSU CCG Leigha Senter, Kevin
Sweet, Caroline Craven, and Michelle O'Conor were instrumental in accrual of study partici-
pants, ascertainment of medical records and database management. Samples were processed
by the OSU Human Genetics Sample Bank. SEABASS would like to thank Yip Cheng Har,
Nur Aishah Mohd Taib, Phuah Sze Yee, Norhashimah Hassan and all the research nurses,
research assistants and doctors involved in the MyBrCa Study for assistance in patient recruit-
ment, data collection and sample preparation. In addition, we thank Philip Iau, Sng Jen-Hwei
and Sharifah Nor Akmal for contributing samples from the Singapore Breast Cancer Study and
the HUKM-HKL Study respectively. SMC team wishes to acknowledge the assistance of the
Meirav Comprehensive breast cancer center team at the Sheba Medical Center for assistance in
this study. SWE-BRCA Swedish scientists participating as SWE-BRCA collaborators are: from
Lund University and University Hospital: Åke Borg, Håkan Olsson, Helena Jernström, Karin
Henriksson, Katja Harbst, Maria Soller, Ulf Kristoffersson; from Gothenburg Sahlgrenska Uni-
versity Hospital: Anna Öfverholm, Margareta Nordling, Per Karlsson, Zakaria Einbeigi; from
Stockholm and Karolinska University Hospital: Anna vonWachenfeldt, Annelie Liljegren,
Annika Lindblom, Brita Arver, Gisela Barbany Bustinza, Johanna Rantala; from Umeå Univer-
sity Hospital: Beatrice Melin, Christina Edwinsdotter Ardnor, Monica Emanuelsson; from
Uppsala University: Hans Ehrencrona, Maritta Hellström Pigg, Richard Rosenquist; from Lin-
köping University Hospital: Marie Stenmark-Askmalm, Sigrun Liedgren. UCHICAGO wishes
to thank Cecilia Zvocec, Qun Niu, physicians, genetic counselors, research nurses and staff of
the Cancer Risk Clinic for their contributions to this resource, and the many families who con-
tribute to our program. UCLA thanks Joyce Seldon MSGC and Lorna Kwan, MPH for assem-
bling the data for this study. UCSF would like to thank Dr Robert Nussbaum and the following
genetic counsellors for participant recruitment: Beth Crawford, Kate Loranger, Julie Mak,
Nicola Stewart, Robin Lee, Amie Blanco and Peggy Conrad. And thanks to Ms. Salina Chan for
her data management. UKFOCR thanks Simon Gayther, Carole Pye, Patricia Harrington and
Eva Wozniak for their contributions towards the UKFOCR. UPENN Breast Cancer Research
Foundation; Susan G. Komen Foundation for the cure, Basser Research Center for BRCA.
VFCTG acknowledges Geoffrey Lindeman, Marion Harris, Martin Delatycki of the Victorian
Familial Cancer Trials Group. We thank Sarah Sawyer and Rebecca Driessen for assembling
this data and Ella Thompson for performing all DNA amplification
Author Contributions
Analyzed the data: EV KBK ACA GCT SJR J. Beesley. Contributed reagents/materials/analysis
tools: EV KBK J. Beesley JA BAA ILA BKA LB MB J. Benitez A. Berger A. Bojesen BB CB TC
Fine-Scale Mapping at 9p22.2 in BRCA1 and BRCA2Mutations Carriers
PLOS ONE | DOI:10.1371/journal.pone.0158801 July 27, 2016 17 / 19
MAC IC SBC KBMC DEC JCMBD FD RD AdP CD OD SMDMD KD BD DFE DE CEA RE
BE SE DGE LF FF WDF EF DF PG PAG JG VGBMGV AG AMG SG AKG DEG CRH TVOH
S. Healey S. Hodgson FBLH CH PJH ENI CI LI AI LJ AJ RJ KJB UBJ EMJ JV BYK KK KCon-
Fab Investigators SK AK YL J. Lester FL AL J. Lubinski PLM S. Manoukian S. Mazoyer AM
ARMMMKLN SLN HN DN EO OIO KrO AO SKP YPK ISP B. Peissel PP GP CMPMP B.
Poppe MAP PR GR GCRMAR EAR RKS JS CFS TPS PS MS DS DSL GS CS CIS MKTMRT
SHTMBTMTMGT LT ST EJvR LV RVM AV JNW LM JK AET UH NL SJR MHG FJC KO
PDPP GCT ACA. Wrote the paper: EV KBK ACA GCT SJR J. Beesley. Supervised Initiated
and coordinated CIMBA: GCT: Conceived and coordinated the synthesis of the iCOGS array:
DFE. Coordinated iCOGS genotyping: KO FJC. CIMBA database management: LM.
References
1. Jervis S, Song H, Lee A, Dicks E, Tyrer J, Harrington P, et al. Ovarian cancer familial relative risks by
tumour subtypes and by known ovarian cancer genetic susceptibility variants. J Med Genet. 2014; 51:
108–13. doi: 10.1136/jmedgenet-2013-102015 PMID: 24277755
2. Antoniou A, Pharoah PDP, Narod S, Risch HA, Eyfjord JE, Hopper JL, et al. Average risks of breast
and ovarian cancer associated with BRCA1 or BRCA2mutations detected in case Series unselected
for family history: a combined analysis of 22 studies. Am J HumGenet. 2003; 72: 1117–30. doi: 10.
1086/375033 PMID: 12677558
3. Pennington KP, Swisher EM. Hereditary ovarian cancer: beyond the usual suspects. Gynecol Oncol.
2012; 124: 347–53. doi: 10.1016/j.ygyno.2011.12.415 PMID: 22264603
4. Ramus SJ, Kartsonaki C, Gayther SA, Pharoah PDP, Sinilnikova OM, Beesley J, et al. Genetic varia-
tion at 9p22.2 and ovarian cancer risk for BRCA1 and BRCA2mutation carriers. J Natl Cancer Inst.
2011; 103: 105–16. doi: 10.1093/jnci/djq494 PMID: 21169536
5. Song H, Ramus SJ, Tyrer J, Bolton KL, Gentry-Maharaj A, Wozniak E, et al. A genome-wide associa-
tion study identifies a new ovarian cancer susceptibility locus on 9p22.2. Nat Genet. 2009; 41: 996–
1000. doi: 10.1038/ng.424 PMID: 19648919
6. Vanhoutteghem A, Messiaen S, Hervé F, Delhomme B, Moison D, Petit J- M, et al. The zinc-finger pro-
tein basonuclin 2 is required for proper mitotic arrest, prevention of premature meiotic initiation and mei-
otic progression in mouse male germ cells. Development. 2014; 141: 4298–310. doi: 10.1242/dev.
112888 PMID: 25344072
7. Fang G, Zhang D, Yin H, Zheng L, Bi X, Yuan L. Centlein mediates an interaction between C-Nap1 and
Cep68 to maintain centrosome cohesion. J Cell Sci. 2014; 127: 1631–9. doi: 10.1242/jcs.139451
PMID: 24554434
8. Makino K, Umeda K, Uezu A, Hiragami Y, Sakamoto T, Ihn H, et al. Identification and characterization
of the novel centrosomal protein centlein. Biochem Biophys Res Commun. 2008; 366: 958–62. doi: 10.
1016/j.bbrc.2007.12.050 PMID: 18086554
9. Chenevix-Trench G, Milne RL, Antoniou AC, Couch FJ, Easton DF, Goldgar DE. An international initia-
tive to identify genetic modifiers of cancer risk in BRCA1 and BRCA2mutation carriers: the Consortium
of Investigators of Modifiers of BRCA1 and BRCA2 (CIMBA). Breast Cancer Res. 2007; 9: 104. doi: 10.
1186/bcr1670 PMID: 17466083
10. Bahcall OG. iCOGS collection provides a collaborative model. Nat Genet. 2013; 45: 343–343. doi: 10.
1038/ng.2592 PMID: 23535721
11. Couch FJ, Wang X, McGuffog L, Lee A, Olswold C, Kuchenbaecker KB, et al. Genome-wide associa-
tion study in BRCA1mutation carriers identifies novel loci associated with breast and ovarian cancer
risk. PLoS Genet. Public Library of Science; 2013; 9: e1003212. doi: 10.1371/journal.pgen.1003212
12. Gaudet MM, Kuchenbaecker KB, Vijai J, Klein RJ, Kirchhoff T, McGuffog L, et al. Identification of a
BRCA2-specific modifier locus at 6p24 related to breast cancer risk. PLoS Genet. 2013; 9: e1003173.
doi: 10.1371/journal.pgen.1003173 PMID: 23544012
13. Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new multipoint method for genome-wide asso-
ciation studies by imputation of genotypes. Nat Genet. Nature Publishing Group; 2007; 39: 906–13. doi:
10.1038/ng2088 PMID: 17572673
14. Antoniou AC, Goldgar DE, Andrieu N, Chang-Claude J, Brohet R, Rookus MA, et al. A weighted cohort
approach for analysing factors modifying disease risks in carriers of high-risk susceptibility genes.
Genet Epidemiol. 2005; 29: 1–11. doi: 10.1002/gepi.20074 PMID: 15880399
15. Antoniou AC, Wang X, Fredericksen ZS, McGuffog L, Tarrell R, Sinilnikova OM, et al. A locus on 19p13
modifies risk of breast cancer in BRCA1 mutation carriers and is associated with hormone receptor-
Fine-Scale Mapping at 9p22.2 in BRCA1 and BRCA2Mutations Carriers
PLOS ONE | DOI:10.1371/journal.pone.0158801 July 27, 2016 18 / 19
negative breast cancer in the general population. Nat Genet. 2010; 42: 885–92. doi: 10.1038/ng.669
PMID: 20852631
16. Barnes DR, Lee A, Easton DF, Antoniou AC. Evaluation of association methods for analysing modifiers
of disease risk in carriers of high-risk mutations. Genet Epidemiol. 2012; 36: 274–91. doi: 10.1002/gepi.
21620 PMID: 22714938
17. Udler MS, Tyrer J, Easton DF. Evaluating the power to discriminate between highly correlated SNPs in
genetic association studies. Genet Epidemiol. 2010; 34: 463–8. doi: 10.1002/gepi.20504 PMID:
20583289
18. Coetzee SG, Shen HC, Hazelett DJ, Lawrenson K, Kuchenbaecker K, Tyrer J, et al. Cell-type-specific
enrichment of risk-associated regulatory elements at ovarian cancer susceptibility loci. HumMol Genet.
2015; 24: 3595–607. doi: 10.1093/hmg/ddv101 PMID: 25804953
19. Lakhani SR, Manek S, Penault-Llorca F, Flanagan A, Arnout L, Merrett S, et al. Pathology of ovarian
cancers in BRCA1 and BRCA2 carriers. Clin Cancer Res. 2004; 10: 2473–81. Available: http://www.
ncbi.nlm.nih.gov/pubmed/15073127 PMID: 15073127
20. Coetzee SG, Shen HC, Hazelett DJ, Lawrenson K, Kuchenbaecker K, Tyrer J, et al. Cell-type-specific
enrichment of risk-associated regulatory elements at ovarian cancer susceptibility loci. HumMol Genet.
2015; 24: 3595–607. doi: 10.1093/hmg/ddv101 PMID: 25804953
21. Kuchenbaecker KB, Ramus SJ, Tyrer J, Lee A, Shen HC, Beesley J, et al. Identification of six new sus-
ceptibility loci for invasive epithelial ovarian cancer. Nat Genet. 2015; 47: 164–71. doi: 10.1038/ng.
3185 PMID: 25581431
22. Mavaddat N, Barrowdale D, Andrulis IL, Domchek SM, Eccles D, Nevanlinna H, et al. Pathology of
breast and ovarian cancers among BRCA1 and BRCA2mutation carriers: results from the Consortium
of Investigators of Modifiers of BRCA1/2 (CIMBA). Cancer Epidemiol Biomarkers Prev. 2012; 21: 134–
47. doi: 10.1158/1055-9965.EPI-11-0775 PMID: 22144499
Fine-Scale Mapping at 9p22.2 in BRCA1 and BRCA2Mutations Carriers
PLOS ONE | DOI:10.1371/journal.pone.0158801 July 27, 2016 19 / 19
